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 All eukaryotes have evolved various mechanisms to repair DNA damage depending on 
the needs of the individual cell and the organism as a whole. Here we investigate a role for two 
functionally redundant E3 ligases in budding yeast, Dma1 and Dma2 (Dma1-Dma2) in 
Homologous Recombination (HR) and discuss the implications of these findings for the field of 
DNA damage repair specifically and evolution of these repair mechanisms in eukaryotic 
organisms more broadly. Genetic analysis was performed using standard yeast spotting assays 
and biochemical interactions were assessed using co-immunoprecipitation and western blotting 
techniques. We have found that the presence of either Dma1 or Dma2 is required to confer 
resistance to the genotoxic agent phleomycin and that this sensitivity of dma1Δdma2Δ cells is 
exacerbated by additional deletion of either RAD9 or SAE2. Furthermore, we show that Dma2 
biochemically interacts with Rad53 in a DNA damage-dependent manner. Taken together, our 
data elucidate a new role for Dma1 and Dma2 in DSB repair in yeast, while providing valuable 













 DNA Double Strand Breaks (DSBs) are the most deleterious damage the genome may be 
subjected to and organisms have accordingly developed various mechanisms by which to address 
these insults. Eukaryotes typically employ either of two primary DSB repair pathways, 
homologous recombination (HR) or non-homologous end-joining (NHEJ), though alternative 
repair pathways exist1. Mammals tend to use the faster and more error-prone NHEJ pathway, 
which is completely dependent upon Ku70-Ku802, during G1 and G2, though they will use HR 
during replication3. The budding yeast preferentially diverts repair through HR in S/G2-phase 
cells, when sister chromatids are available for homologous repair4, a process completely 
dependent upon Rad525. While repair in mammals has been relatively well characterized, as 
defects in these pathways are linked with various cancers6, yeast DSB repair remains less well 
investigated. 
 The DNA Damage Response (DDR) is the first set of signaling pathways activated upon 
induction of DNA damage and is relatively well characterized in both yeast and mammals. In 
yeast, the MRX (MRN in mammals) complex activates Mec1-Tel1 (ATR-ATM), which initiates 
resection through a positive feedback loop with the MRX complex7. Phosphorylation of Sae2 
(CtIP), one member of MRX, is required for end resection8. Mec1-Tel1 also activates Rad9 
(53BP1)9, which facilitates Rad53 checkpoint kinase recruitment and activation by Mec1-
Tel110. Sae2 has been shown to antagonize accumulation of Rad9 at DSB sites11. The relevant 
pathways in DDR are summarized in Figure 6.  
 Various histone modifications are also associated with DDR signaling, including 
phosphorylation of histone H2A on the serine 129 residue by Mec1-Tel112. Histone H2AS129ph 
occurs in both mammals and yeast, and in yeast this phosphorylated form is referred to as γH2A. 
 
 
In mammals, histone H2A is also ubiquitinated by Rnf813. However, histone ubiquitination in 
response to DNA damage has not been demonstrated in yeast. Additionally, the yeast homologs 
to RNF8, DMA1 and DMA2 (DMA1-DMA2), have not been implicated in DSB repair. Given 
the sequence homology between DMA1-DMA2 and RNF814, we suspected that these yeast 
proteins may play a role in yeast DSB repair similar to the role of mammalian Rnf8.  
 Dma1-Dma2 are 58% identical E3 ubiquitin ligases, have been previously characterized 
as functionally redundant, and are implicated in cell cycle control by regulating spindle position 
checkpoint15, septin dynamics16, and regulation of protein kinase Swe117. In this study we sought 
to investigate a possible role for Dma1-Dma2 in DSB repair in yeast. Genetic analysis show that 
dma1Δdma2Δ cells are extremely sensitive to phleomycin, a genotoxic drug which causes global 
DSBs. Both plasmid based and chromosomal repair assays show that while dma1Δdma2Δ do not 
exhibit any defect in NHEJ repair efficiency compared to wildtype cells, these mutants do show 
severely reduced repair efficiency through HR. Further genetic analysis demonstrate that DMA1-
DMA2 are epistatic to both SAE2 and RAD9 under genotoxic conditions. While no biochemical 
interaction could be detected with either Sae2 or Rad9 via CoIP and western blot analysis, we 
did find a damage dependent interaction between Rad53, the canonical binding partner of Rad9 











MATERIALS & METHODS 
 
Table 1: Yeast strains used in this study 
Plasmid Original name, genotype Reference 
BY4741 S288C, MATa with his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Brachmann et. al. (1997)18 
dma1Δ BY4741 with dma1Δ::nat this study 
dma2Δ BY4741 with dma2Δ::kanMX this study 
dma1Δdma2Δ BY4741 with dma1Δ::nat dma2Δ::kanMX this study 
dma1Δdma2Δswe1Δ BY4741 with dma1Δ::nat dma2Δ::kanMX swe1Δ::hygro this study 
rad9Δ BY4741 with rad9Δ::hygro this study 
rad9Δdma1Δ BY4741 with rad9Δ::hygro dma1Δ::nat this study 
rad9Δdma2Δ BY4741 with rad9Δ::hygro dma2Δ::kan this study 
rad9Δdma1Δdma2Δ BY4741 with rad9Δ::hygro dma1Δ::nat dma2Δ::kan this study 
sae2Δ BY4741 with sae2Δ::hygro this study 
sae2Δdma1Δ BY4741 with sae2Δ::hygro dma1Δ::nat this study 
sae2Δdma2Δ BY4741 with sae2Δ::hygro dma2Δ::kan this study 
sae2Δdma1Δdma2Δ BY4741 with sae2Δ::hygro dma1Δ::nat dma2Δ::kan this study 
Dma2-3HA BY4741 with Dma2-3HA::hygro this study 
Rad9-9myc   BY4741 with Rad9-9myc::nat this study 
Dma2-3HA Rad9-9myc BY4741 with Dma2-3HA::hygro Rad9-9myc::nat this study 
Rad9-9myc 
dma1Δdma2Δ 
BY4741 with Rad9-9myc::hygro dma1Δ::nat 
dma2Δ::kanMX 
this study 
JKM179 JKM179, hoΔ MATα hmlΔ::ADE1 hmrΔ::ADE1 ade1-
100 leu2-3,112 lys5 trp1::hisG′ ura3-52 ade3::GAL::HO 
Lee SE et. al. (1998)19 
JKM179 dma1Δ JKM179 with dma1Δ::nat this study 
JKM179 dma2Δ JKM179 with dma2Δ::kanMX this study 
JKM179 dma1Δdma2Δ JKM179 with dma1Δ::nat dma2Δ::kanMX this study 
 
Table 2: Plasmids used in this study 
Name Original plasmid Description 
Dma2 PRS313 Wildtype Dma2 cloned into PRS313 
dma2 R299A PRS313 dma2 R299A cloned into PRS313 
dma2 C451A PRS313 dma2 C451A cloned into PRS313 
dma2 R299A C451A PRS313 dma2 R299A C451A cloned into PRS313 
 
Yeast Strains 
 Strains used in this study are listed in Table 1. Strains were constructed by transformation 
of linear DNA cassettes constructed using PCR20. Genomic integration was confirmed by PCR 
analysis. Plasmid strains were constructed by cloning various mutants of DMA2 constructed 





Yeast Spotting Assays 
 Strains were grown overnight at 30℃ in YPD (2% dextrose) nonselective media (strains 
containing plasmids were grown in -his media to maintain plasmid selection), diluted to an 
optical density (O.D.) corresponding to absorbance 0.2 at 595 nm and grown into early-log 
phase. Cells were then diluted to O.D. = 0.2, and 5-fold serial dilutions were plated onto YPD 
medium containing indicated genotoxic drugs at indicated concentrations.  
 
Co-immunoprecipitation 
 Cultures were grown overnight and diluted as previously described, then grown into early 
log-phase in 50 mL YPD media. Cells were recovered by centrifugationilac and lysed by bead 
beating under CoIP buffer conditions, protein concentrations were estimated using the Bradford 
protein estimation assay22, and 1.0 mg of protein immunoprecipitated using α-HA epitope serum 
and protein A-conjugated agarose beads. Proteins were extracted from beads by boiling and 
lysates were western blot analyzed as described later. 
 
Western Blot Analysis 
 Cells were grown into early log-phase as indicated and recovered for whole-cell 
extraction as described by Szymanski and Kerscher23. Lysate protein concentration was 
estimated as described and equal amounts of protein were loaded and run on SDS-PAGE (8% or 
15%), then transferred to PVDF membranes. Membranes were incubated with antibodies to the 
indicated epitope at dilutions ranging from 1:500 to 1:20,000, depending upon experimentally 
determined signal quality afforded by each antibody. The appropriate secondary antibody was 





DSB Repair Requirement Dependent Upon FHA and RING Domains  
 Yeast spotting assays reveal that dma1Δdma2Δ are extremely sensitive to the genotoxic 
agent phleomycin compared to the wildtype and either dma1Δ or dma2Δ single deletion mutants 
(fig. 1B). Interestingly, dma1Δdma2Δ are not sensitive to any other genotoxic agents tested, 
including camptothecin, MMS, hydroxyurea, and 4NQO (fig. 1B). To determine whether this 
phenotype was catalysis or binding domain-dependent, we cloned DMA2 into PRS313 (Table 
2) and used site-directed mutagenesis to create single and double mutants in the FHA and RING 
domains of DMA2 at residues conserved in human RNF8, R299 and C451 (fig. 1A). Single 
mutants for either FHA or the RING domain are equally sensitive to phleomycin compared 
to dma1Δdma2Δ. Additionally, the FHA-RING double mutant is equally sensitive to phleomycin 
compared to the single mutants and dma1Δdma2Δ. Taken together, these results indicate that 
Dma1 and Dma2 are required for survival of phleomycin exposure and that this resistance is 
dependent both upon the FHA binding domain and the RING catalytic domain.  
  
Dma1 and Dma2 Deficient Cells Demonstrate Accelerated DDR Induction Kinetics  
 To determine whether this phleomycin sensitivity could be due to defects in DDR 
induction kinetics, we conducted time-course analysis of Rad53/Rad9 activation 
and γH2A induction upon phleomycin addition (fig. 2). We found no noticeable difference 
in γH2A induct kinetics in dma1Δdma2Δ compared to the wildtype, however, activation of 
both Rad53 and Rad9 is induced more rapidly in the mutants. Additionally, Rad53 and Rad9 
levels appear to be higher in dma1Δdma2Δ. 
 
 
Dma1 and Dma2 Required for Efficient HR  
 As the Rad53 signaling cascade is initiated in both HR and NHEJ, we were interested in 
whether Dma1-Dma2 are involved in repair generally or only a specific repair pathway. We used 
a single chromosomal DSB inducible system developed by Lee et. al19 to assess efficiency of 
repair through NHEJ on endogenous chromosomes and found no phenotypic difference between 
wildtype and Dma1-Dma2 mutants on yeast spotting assay (fig. 3A-B). Additionally, we 
assessed plasmid repair efficiency through NHEJ and found no apparent difference in efficiency 
between wildtype and Dma1-Dma2 single and double mutants (fig. 3C-D). Further, both assays 
suggest that dma1Δdma2Δ, far from being NHEJ deficient, may actually have enhanced 
efficiency through this repair pathway, though further analysis is required.  
 Using a linear plasmid-chromosome integration repair assay to assess HR repair 
efficiency we found both dma1Δ and dma2Δ single mutants appeared to show defects in HR 
efficiency compared to wildtype, and dma1Δdma2Δ showed greater deficiency than all three (fig. 
3F). Taken together, these data suggest that Dma1-Dma2 are required for efficient homologous 
recombination, but may be dispensable for non-homologous end-joining. 
  
RAD9 and SAE2 Genetically Interact with DMA1 and DMA2  
 Previous studies indicate that phosphorylation of Sae2, a protein involved in resection 
during HR, allows the former to interact with Dma1 and Dma2 through the FHA domains of the 
latter pair. The presence of Sae2 at the DSB site has also been shown to antagonize Rad9 
accumulation at the break site, thus attenuating Rad53 checkpoint signaling. Given these 
findings, we hypothesized that phleomycin resistance was dependent on Dma1-Dma2 interacting 
with either Rad9/Rad53 or Sae2, or both. Spotting assays reveal that dma1Δdma2Δrad9Δ triple 
 
 
mutant is more sensitive to phleomycin than dma1Δdma2Δ or rad9Δ individually, indicating a 
synthetic interaction between DMA1-DMA2 and RAD9 (fig. 4A). The same synthetic phenotype 
is observed with dma1Δdma2Δsae2Δ (fig. 4B). Additionally, deletion of DMA1 and DMA2 
individually are able to partially rescue RAD9 deletion (fig. 4A), suggesting that the genetic 
interaction between DMA1-DMA2 and RAD9 is fundamentally different to the interaction 
between Dma1-Dma2 and Sae2. Rad53 is an essential protein and could not be deleted for this 
genetic analysis.  
  
Dma1 and Dma2 Interact with Rad53 in a Damage-Dependent Manner  
 Given the genetic interaction with RAD9 and SAE2, as well as the defects in Rad9 and 
Rad53 activation observed in dma1Δdma2Δ we were interested in whether any of these proteins 
biochemically interact with Dma1-Dma2 in a manner dependent upon DNA damage. We 
coimmunoprecipitated Dma2-3HA on protein A-agarose beads and analyzed interactions via 
western blot. We were unable to detect any interaction with Sae2 (our unpublished data) via 
western blot, though interaction with Sae2 has previously been detected via Stable Isotope 
Labeling with Amino acids in Cell culture (SILAC), a more sensitive assay. Interestingly, we 
were able to detect a damage dependent interaction with Rad53, though no interaction with its 
binding partner Rad9 could be visualized (fig. 5). To determine whether Dma1-Dma2 possess 
histone interacting activity homologous to human Rnf8, we also probed for histones H2A and 
H2B, the most common targets for ubiquitination upon DNA damage. While no specific 
interaction with H2A was detected, H2B binding could be observed with similar intensity 






 Here we have demonstrated that Dma1-Dma2 are required for efficient DSB repair 
through homologous recombination. Various drugs are used to assess response to genotoxic 
stress, each with slightly different effects. Camptothecin (CPT) is a topoisomerase inhibitor and 
can be used to cause various DNA lesions; both single and double stranded, typically during 
replication. Hydroxyurea depletes dNTPs, causing replication stress. MMS is an alkylating agent 
and 4NQO is a UV-mimetic. Phleomycin is understood to cause global DSBs, though no widely 
agreed upon mechanism for this activity exists. Yeast geneticists typically use phleomycin with 
Zeocin-resistant strains, as it is thought to be a more severe derivative of bleomycin, a common 
anticancer drug, than Zeocin. Previous studies show that sae2Δ is sensitive to both CPT and 
MMS, while rad9Δ is sensitive to neither11. We found that both are similarly sensitive to 
phleomycin. Given the different and sometimes poorly characterized mechanisms of action of 
each of these various genotoxic drugs, drawing concrete conclusions regarding the specificity of 
phenotypes observed via spotting is difficult. For this reason, we tend to rely primarily on a 
combination of other assays to elucidate the particular role of Dma1-Dma2 in DSB 
repair/response.  
 Repair efficiency assays for both HR and NHEJ indicate that, while Dma1-Dma2 are 
dispensable for NHEJ, dma1Δdma2Δ are defective in efficient repair through HR. Surprisingly, 
DMA1-DMA2 genetically interact with RAD9 but not biochemically, despite biochemical 
interaction with its DDR binding partner, Rad53. These results taken together suggest that 
Dma1-Dma2 interaction with Rad9, while required for cell survival under phleomycin treatment, 
may be too transient to capture by methods employed in this study. Dma2 also binds histone 
 
 
H2B regardless of DNA damage, suggesting constitutive interaction with chromatin. This 
interaction with chromatin may be the basis for its interaction with and regulation of Rad53 upon 
DNA damage, as Rad53 is only recruited to chromatin by Rad9 upon DDR induction.  
 The human homologue to Rad9, 53BP1, has been suggested to tip the balance of repair 
pathway decision in favor of NHEJ24, possibly by guarding against tumorigenic recombination25. 
Dma1-Dma2 may regulate Rad9/Rad53 in yeast, possibly tipping the balance in favor of HR. 
Additionally, as noted, Sae2 is required for resection, the first step in HR. Serial deletion of Sae2 
or Rad9 in dma1Δdma2Δ results in synthetic sickness upon DNA damage induction. Taken 
together, these results suggest that Dma1-Dma2 are important in repair pathway selection. 
Therefore, I suggest here that loss of Dma1-Dma2 increases Rad9/Rad53 activation upon DSB 
induction, potentially pushing cells to favor NHEJ when HR would be more favorable. This is 
consistent with our observation that dma1Δdma2Δ appear dispensable in NHEJ, but required for 
HR.  
 In all, our data shed light on a novel role for the yeast homologues to human Rnf8, Dma1 
and Dma2 in DNA DSB repair through HR, possibly via chromatin mediated binding and 
regulation of Rad53. Further study to determine the precise mechanism by which these proteins 
act in DSB repair is required, including determining localization of Dma1-Dma2 during DDR 















Figure 1: (A) Schematic of structure and functional domains of Dma1 and Dma2 proteins. Dma1 and Dma2 both 
contain an FHA (binding) domain and a RING (catalytic) domain. (B) Spotting of dma1 and dma2 genomic mutant 
strains on YPD (2% dextrose), phleomycin (2.5 μg/mL), camptothecin (5 μg/mL), MMS (0.125%), Hydroxyurea 
(200 nM), 4-nitroquinoline 1-oxide (4NQO). (C) Spotting of dma1 and dma2 plasmid mutants on synthetic complete 




Figure 2: (A) DDR induction kinetics in dma1 and dma2 genomic mutants. Time course conducted in liquid 





Figure 3: (A) Schematic of galactose inducible single DSB system in JKM179. (B) Spotting of dma1 and dma2 
genomic mutant strains on YPD (2% dextrose) and +galactose (2%) DSB inducing conditions. (C) Schematic of 
plasmid based NHEJ repair assay. (D) Plasmid transformation efficiency for pRS316 in all strains used. NHEJ 




     
 
Figure 4: (A) Spotting of dma1, dma2 and rad9 genomic mutants on YPD (2% dextrose) and phleomycin (2.5 






Figure 5: (A) Co-immunoprecipitation of Dma2 on protein A-agarose beads. Interactions detected by antibodies 
indicated under normal and DSB inducing conditions. 
 
 
Figure 6: (A) DNA Damage Response (DDR) as is understood in the literature. (B) Proposed mechanism for Dma1 
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